Systemic lupus erythematosus (SLE) is a complex autoimmune disease with diverse clinical presentations characterized by the presence of autoantibodies to nuclear components. Toll-like receptor (TLR)7, TLR8, and TLR9 sense microbial or endogenous nucleic acids and are implicated in the development of SLE. In mice TLR7-deficiency ameliorates SLE, but TLR8-or TLR9-deficiency exacerbates the disease because of increased TLR7 response. Thus, both TLR8 and TLR9 control TLR7 function, but whether TLR8 and TLR9 act in parallel or in series in the same or different cell types in controlling TLR7-mediated lupus remains unknown. Here, we reveal that double TLR8/9-deficient (TLR8/9 −/− ) mice on the C57BL/6 background showed increased abnormalities characteristic of SLE, including splenomegaly, autoantibody production, frequencies of marginal zone and B1 B cells, and renal pathology compared with single TLR8 −/− or TLR9 −/− mice. On the cellular level, TLR8 −/− and TLR8/ 9 −/− dendritic cells were hyperesponsive to TLR7 ligand R848, but TLR9 −/− cells responded normally. Moreover, B cells from TLR9
Systemic lupus erythematosus (SLE) is a complex autoimmune disease with diverse clinical presentations characterized by the presence of autoantibodies to nuclear components. Toll-like receptor (TLR)7, TLR8, and TLR9 sense microbial or endogenous nucleic acids and are implicated in the development of SLE. In mice TLR7-deficiency ameliorates SLE, but TLR8-or TLR9-deficiency exacerbates the disease because of increased TLR7 response. Thus, both TLR8 and TLR9 control TLR7 function, but whether TLR8 and TLR9 act in parallel or in series in the same or different cell types in controlling TLR7-mediated lupus remains unknown. Here, we reveal that double TLR8/9-deficient (TLR8/9 −/− ) mice on the C57BL/6 background showed increased abnormalities characteristic of SLE, including splenomegaly, autoantibody production, frequencies of marginal zone and B1 B cells, and renal pathology compared with single TLR8 −/− or TLR9 −/− mice. On the cellular level, TLR8 −/− and TLR8/ 9 −/− dendritic cells were hyperesponsive to TLR7 ligand R848, but TLR9 −/− cells responded normally. Moreover, B cells from TLR9
and TLR8/9 −/− mice were hyperesponsive to R848, but TLR8 −/− B cells were not. These results reveal that TLR8 and TLR9 have an additive effect on controlling TLR7 function and TLR7-mediated lupus; however, they act on different cell types. TLR8 controls TLR7 function on dendritic cells, and TLR9 restrains TLR7 response on B cells. knockout mice | innate immunity | endosomal TLRs S ystemic lupus erythematosus (SLE) is a complex chronic autoimmune disease that arises spontaneously and is characterized by production of autoantibodies against self-nucleic acids and associated proteins (1) . These autoantibodies bind selfnucleic acids released by dying cells and form immune complexes that accumulate in different parts of the body, leading to inflammation and tissue damage. The kidneys, skin, joints, lungs, serous membranes, as well as, the cardiovascular, nervous and musculoskeletal system become targets of inflammation at onset or during the course of the disease (2) . The etiology of SLE is unknown, yet genetics, sex, infectious agents, environmental factors, and certain medications may play a role in the initiation of the disease by causing alterations in lymphoid signaling, antigen presentation, apoptosis, and clearance of immune complexes (3, 4) .
Toll-like receptors (TLRs) detect specific microbial components widely expressed by bacteria, fungi, protozoa, and viruses, and initiate signaling pathways critical for induction of immune responses to infection (5) . In contrast to the cell surface TLRs that detect bacterial cell wall components and viral particles, nucleic acid-sensing TLRs are localized mainly within endosomal compartments (6) . Human endosomal TLRs consist of TLR3, which senses viral double-stranded RNA (dsRNA) (7), TLR7 and TLR8, which recognize viral single-stranded RNA (8) (9) (10) , and TLR9, which detects bacterial and viral unmethylated CpGcontaining DNA motifs (11) . Interestingly, these endosomal TLRs are also able to detect self-nucleic acids (12) (13) (14) . Although the endosomal localization isolate TLR3, TLR7, TLR8, and TLR9 away from self-nucleic acids in the extracellular space, still self-RNA or -DNA can become a potent trigger of cell activation when transported into TLR-containing endosomes, and such recognition can result in sterile inflammation and autoimmunity, including SLE (4, 15, 16) . The connection of the endosomal TLRs with SLE originates mainly from mouse models, where TLR7 signaling seems to play a central role. TLR7 gene duplication is the cause for the development of lupus in mice bearing the Y chromosome-linked autoimmune accelerating (Yaa) locus that harbors 17 genes, including TLR7 (17, 18) . In TLR7 transgenic mouse lines, a modest increase in TLR7 expression promotes autoreactive lymphocytes with RNA specificities and myeloid cell proliferation, but a substantial increase in TLR7 expression causes fatal acute inflammatory pathology and profound dendritic cell (DC) dysregulation (17) . In addition, studies in several lupus-prone mouse strains have revealed that TLR7-deficiency ameliorates disease, but TLR9-deficiency exacerbates it. Interestingly, this controversy can be explained by the enhanced TLR7 activity in the TLR9-deficient lupus mice (19, 20) . Although murine TLR8 does not seem so far to be able to sense a ligand (21, 22) , we have shown previously that it plays an important biological role in controlling TLR7-mediated lupus. Indeed, TLR8-deficiency in mice (on the C57BL/6 background that is not prone to lupus) leads to lupus Significance Toll-like receptors (TLRs) that sense microbial or endogenous DNA and RNA have been well implicated in systemic lupus erythematosus (SLE), a multisystem disease characterized by an autoimmune response to nuclear antigens. In mice, both TLR8 and TLR9 control TLR7-mediated lupus, but it is unknown if they have an additive effect in controlling TLR7. We demonstrate that double TLR8/9-deficient mice have increased abnormalities characteristic of SLE and that both TLR8 and TLR9 keep under control TLR7-mediated lupus, but they act on different cell types. TLR8 controls TLR7 function on dendritic cells, and TLR9 restrains TLR7 response on B cells. These TLR interactions have to be taken into account when novel therapeutic approaches are developed that target the blocking of TLRs.
development because of increased TLR7 expression and signaling in DCs (23) . Thus, tight control and regulation of TLR7 is pivotal for avoiding SLE and inflammatory pathology in mice. Recent studies in humans have also revealed that increased expression of TLR7 is associated with increased risk for SLE (24) (25) (26) .
Nucleic acid TLRs are expressed in many cell types, including DCs, plasmacytoid DCs (pDCs) and B cells, all of which play a central role in SLE development. TLR7, TLR8, and TLR9 signal through the adaptor molecule myeloid differentiation primary response gene 88 (MyD88), whereas TLR3 signals via the adaptor TRIF (Toll/IL-1 receptor domain-containing adaptor inducing IFN-β) (5). MyD88-deficiency abrogates most attributes of lupus in several lupus-prone mouse strains (19, (27) (28) (29) . Moreover, deficiency for Unc93B1, a multipass transmembrane protein that controls trafficking of TLRs from the endoplasmic reticulum to endolysosomes and is required for nucleic acid-sensing TLR function (30) , also abrogates many clinical parameters of disease in mouse lupus strains, suggesting that endosomal TLRs are critical in this disease (31) . Interestingly, TLR9 competes with TLR7 for Unc93B1-dependent trafficking and predominates over TLR7 (32) . TLR9 predominance is reversed to TLR7 by a D34A mutation in Unc93B1 and mice that carry this mutation show TLR7-dependent, systemic lethal inflammation (32) .
Thus, in mice both TLR8 and TLR9 control TLR7-mediated lupus, but it is unknown if these TLRs act in parallel or in series in the same or different cell types and if they have an additive effect or not in controlling TLR7. To address these issues, we generated double TLR8/TLR9-deficient (TLR8/9 −/− ) mice and analyzed and compared the lupus phenotype in TLR8
, and TLR8/9 −/− mice. Our data revealed that TLR8/9 −/− mice have increased abnormalities characteristic of SLE and that both TLR8 and TLR9 keep TLR7-mediated lupus under control, but they act in different cell types. On DCs TLR7 function is ruled by TLR8, whereas on B cells TLR7 is mastered by TLR9.
Results

Splenomegaly and Reduced Innate B-Cell Populations in TLR8
−/− and TLR8/9 −/− Mice. To determine whether TLR8 and TLR9 have an additive effect in the development of lupus autoimmunity on the C57BL/6 background, we generated double TLR8/9 −/− mice by intercrossing TLR8
−/− to TLR9 −/− mice. TLR8/9 −/− mice had normal appearance, growth, and fertility, and showed no obvious behavioral abnormalities. Moreover, similar to TLR8 −/− and TLR9 −/− mice, TLR8/9 −/− mice had normal survival rates up to 12 mo of age. We have shown previously that TLR8-deficiency in mice leads to lupus that is accompanied by splenomegaly and a reduction of the marginal zone (MZ) and B1 B cells (23) , so first we evaluated these populations. TLR8
−/− , and TLR9 −/− mice had splenomegaly compared with age-and sexmatched WT controls, whereas TLR8/9 −/− mice showed the most exacerbated phenotype (Fig. 1A and Table S1 ). Moreover, both TLR8 −/− and TLR8/9 −/− mice had a defect on the MZ B frequencies ( Fig. 1B and Table S2 ), and an expansion of the CD11c + and CD19 + populations, whereas TLR9 −/− mice looked normal (Table S1 ). Next, we evaluated the B1 B populations and noticed that B1a (B220 −/− mice, and the reduction of B1a B cells was more profound in TLR8/9 −/− than in TLR8 −/− mice ( Fig. 1C and Table  S2 ). Thus, TLR8/9 −/− mice have a more severe defect on MZ and B1 B cells than TLR8 −/− mice, although these populations appear to be unaffected in TLR9 −/− mice.
Double TLR8/9 −/− Mice Develop Stronger Lupus Phenotype than
To determine whether the augmented immunological phenotype we observed in TLR8/9 −/− mice correlates with increased autoimmunity, serum levels of IgM and IgG2a isotypes were assessed by ELISA. All three TLR-deficient genotypes showed significantly increased IgM and IgG2a levels compared with WT mice, whereas both TLR8/9 −/− and TLR9
−/− mice also had significantly elevated IgM levels compared with TLR8 −/− mice ( Fig. 2A) . Next, we evaluated the levels of IgG autoantibodies against dsDNA, RNA, Smith ribonucleoprotein (SmRNP) and RNP and found that TLR8 −/− and TLR8/9 −/− mice had significantly increased titers compared with WT sera (Fig. 2B ). Interestingly, TLR8/9 −/− mice had also significantly higher levels of anti-dsDNA, -RNA, and -RNP production versus TLR8 −/− mice, whereas TLR9 −/− mice resembled TLR8 −/− mice regarding anti-dsDNA, -RNA, and -SmRNP levels, and showed normal levels of anti-RNP (Fig. 2B) . Then, we evaluated the percentages of antibody-producing B cells and found that the B220 lo CD138 + population was increased in all three TLRdeficient genotypes compared with WT controls, where TLR8/9 −/− mice showed the highest increase, followed by TLR8 −/− and TLR9 −/− mice (Fig. 2C) . Moreover, we noticed that there was a twofold increase in the percentage of spontaneous splenic germinal centers in TLR8 −/− and TLR8/9 −/− mice compared with WT controls (6.9 ± 0.5% and 7.8 ± 0.6%, respectively, vs. 3.0 ± 0.9%), and TLR9
−/− mice showed slight increase compared with WT mice (4.5 ± 0.5% vs. 3.0 ± 0.9%) (Fig. 2D ). Further analysis of autoantibody production showed that although antinuclear antibody (ANA) patterns varied somehow, TLR8
−/− sera appeared mainly nucleolar, and TLR8/9 −/− and TLR9 −/− sera were both cytoplasmic and nucleolar (Fig. 3A) .
To evaluate renal pathology, we used semiquantitative pathological scoring of glomerular and interstitial nephritis. TLR8/9 −/− mice had increased glomerular cellularity, glomerular deposits, and interstitial infiltrations compared with TLR8 −/− or TLR9 −/− mice ( Fig. 3B, Fig. S1 , and Table S3 ). In addition, we observed increased IgG and IgM glomerular depositions in TLR8/9 C are representative of two to three independent experiments (n = 3-4 per group). *P < 0.05, **P < 0.01, ***P < 0.001.
kidneys followed by TLR8 −/− samples, whereas TLR9 −/− mice showed reduced deposition compared with TLR8 −/− mice, but stronger than in WT controls ( Fig. 3C and Fig. S1B ). Collectively, these data indicate that TLR8/9 −/− mice show increased autoimmune phenotype compared with TLR8 −/− or TLR9 −/− mice, suggesting that both TLR8 and TLR9 contribute in lupus development in an additive manner.
Increased Response to R848 and Spontaneous Activation of TLR8
−/− and TLR8/9 −/− DCs and T Cells. We have shown previously that TLR8-deficiency in mice leads to lupus development because of increased TLR7 expression and signaling in DCs, but not in macrophages (23) . Therefore, we evaluated the responses of bone marrow-derived dendritic cells (BM-DCs) to R848 (TLR7 ligand), LPS (TLR4 ligand), and poly I:C (TLR3 ligand). In response to R848, both TLR8 −/− and TLR8/9 −/− BM-DCs produced similar and significantly higher amounts of IL-6 ( Fig. 4A) and TNF (Fig. S2A ), compared with WT or TLR9 −/− cells, whereas the response to LPS or poly I:C was similar in all four genotypes ( Fig. 4A and Fig. S2A ). Moreover, R848 stimulation induced IFN-β mRNA expression that was significantly higher in TLR8 −/− and TLR8/9 −/− BM-DCs vs. WT or TLR9 −/− cells at 4 h, and by 8 h the expression was reduced and became similar in all four genotypes (Fig. 4B) . The higher cytokine response of TLR8 −/− and TLR8/9 −/− BM-DCs compared with WT or TLR9 −/− cells was accompanied by significantly higher TLR7 mRNA expression in untreated cells that was sustained upon R848 stimulation at 2 or 4 h (Fig. 4C) . Bone marrow-derived macrophages from TLR8 −/− , TLR8/9 −/− , and TLR9 −/− mice produced normal levels of IL-6 in response to R848 or poly I:C (Fig. S2B) .
We next tested the responses of BM-pDCs to R848, Pam 3 CSK 4 (TLR2 ligand), and CpG (TLR9 ligand). TLR8
−/− and TLR8/9
−/− BM-pDCs showed similar but significantly higher IL-6 protein levels to R848 stimulation than WT or TLR9 −/− cells, whereas all genotypes responded similarly to the TLR2 agonist (Fig. 4D) . As expected, WT and TLR8 −/− BM-pDCs showed similar response to CpG, but this response was absent in TLR8/9 −/− or TLR9 −/− cells (Fig. 4D) . Regarding activation, untreated BM-pDCs had similar levels of CD86 or MHC II; however, upon R848 stimulation, TLR8
−/− and TLR8/9 −/− BM-pDCs showed higher activation than WT or TLR9 −/− cells (Fig. 4E) (Fig. S2C) . Furthermore, we evaluated TNF and IL-12 cytokine production upon R848 stimulation by FACS analysis and found that TLR8 −/− and TLR8/9 −/− pDCs, as well as TLR8/9
−/− CD11b-like DCs, produced significantly higher TNF amounts compared with WT or TLR9 −/− cells ( Fig. S3 A and B, and Table S4 ). TLR8
−/− and TLR8/9 −/− CD11b-like DCs produced also higher amounts of IL-12 compared with WT or TLR9 −/− cells ( Fig. S3C and Table S4 ). Nevertheless, the three splenic DC subsets showed similar TNF and IL-12 production in response to poly I:C stimulation in all four mouse genotypes ( Fig. S3 and Table S4) to produce TNF and IL-12 in response to R848 than WT or TLR9 −/− cells. Because DCs play a central role in T-cell activation, we also tested the activation status of splenic T cells and noticed a significantly increased percentage of CD44 hi CD4 T cells in TLR8
, and TLR9 −/− mice compared with WT controls (Fig.  5A) , and of CD44 hi CD8 T cells in TLR8 −/− and TLR8/9
−/− compared with WT or TLR9 −/− mice (Fig. 5B) . Thus, the percentages of activated/memory CD4 and CD8 T cells are significantly increased in TLR8/9 −/− mice compared with WT and TLR9
−/− mice, and TLR8 −/− mice show significant increased values compared with WT mice.
Increased Response to R848 Stimulation of TLR9
−/− and TLR8/9 −/− B Cells. The nucleic acid components of SLE autoantigens have previously been shown to activate B cells through TLR7 and contribute to lupus disease (34) . To investigate the contribution of B cells in the lupus phenotype that we observed in TLR8
, and TLR9 −/− mice, total splenocytes were stimulated with R848 and the activation status of B cells were assessed by FACS analysis. Upon stimulation with R848, both TLR8/9 −/− and TLR9 −/− B cells showed a similar and significant up-regulation of CD69 and CD86, compared with TLR8 −/− or WT B cells; all four genotypes showed similar response to LPS (Fig. 6A  and Fig. S4A ). Furthermore, TLR8/9 −/− and TLR9 −/− splenocytes showed increased production of IL-6 upon R848 stimulation compared with TLR8 −/− or WT splenocytes, and all four genotypes responded similarly to LPS stimulation (Fig. 6C) . Thus, upon TLR7-stimulation, TLR8/9 −/− and TLR9 −/− B cells in splenocytes are more responsive than WT or TLR8 −/− cells. We wondered if this phenotype was accompanied by increased TLR7 expression, so we tested TLR7 expression in isolated B cells. To our surprise we found that TLR7 mRNA levels were significant higher in TLR8 −/− and TLR8/9 −/− B cells compared with WT or TLR9 −/− cells (Fig. S4B ). Moreover, we tested the responses of splenic TLR8 −/− , TLR8/9 −/− , TLR9 −/− , and WT isolated B cells and found that all four genotypes showed similar CD69 up-regulation and IL-6 production upon R848 or LPS stimulation (Fig. 6 B and D) . Thus, in splenocyte cultures TLR8/9 −/− and TLR9 −/− B cells have the capacity to respond higher to R848 stimulation than TLR8 −/− or WT B cells, but this capacity is lost in isolated B-cell cultures, suggesting that other factors that are provided from the surrounding splenocytes are necessary. Indeed, it has been shown previously that B-cell responses to the TLR7 ligand depend on type I IFNs (35, 36) . Therefore, to test if the lost capacity of isolated TLR9 −/− B cells to respond higher to TLR7 ligand than WT cells (as we observed with total splenocytes) could be restored by providing type I IFN, isolated B cells from WT and TLR9
−/− mice were stimulated with R848 in the presence of IFN-α. Indeed, IFN-α increased the capacity of B cells to respond to the TLR7 ligand, as assessed by up-regulation of CD69; however, both TLR9 −/− and WT isolated B cells showed similar activation (Fig. S4C) . Overall, the data demonstrate an increased response of TLR8/9 −/− and TLR9 
Discussion
Nucleic acid-sensing TLRs play an important role in SLE not only through their direct signaling upon ligand binding, but also by regulating the expression and function of each other. In the present study we show that in the C57BL/6 genetic background double deficiency for TLR8 and TLR9 leads to spontaneous lupus autoimmunity that is greater than the one that develop single TLR8 −/− or TLR9 −/− mice. Interestingly, the lupus disease in the TLR8/9 −/− mice is caused by increased TLR7 function, where both TLR8 and TLR9 keep under control TLR7 activity, but they act on different cell types. TLR8 controls TLR7 function on DCs, and TLR9 restrains TLR7 response on B cells. Moreover, we are unique in showing that TLR9 −/− mice on the C57BL/6 background develop signs of autoimmunity that include splenomegaly, increased serum levels of IgM, and autoantibodies against DNA, RNA, and SmRNP increased frequencies of plasmablasts and renal immunodeposits compared with WT mice.
In vitro studies in HEK293 cells transfected with human TLRs in a pairwise combination have shown that both TLR8 and TLR9 inhibit TLR7, but not vice versa (37) . Furthermore, our recent previous studies have revealed that the inhibitory action of TLR8 on TLR7 has important consequences in vivo, because TLR8-deficiency in mice leads to lupus development as a result of increased TLR7 function (23) . Studies on C57BL/6 mice that carry the Yaa locus (B6.Yaa mice) revealed that TLR9-deficiency leads to increased TLR7 expression on B cells and BM-pDCs (20) . In the same study the authors showed that TLR9-deficiency in C57BL/6 mice congenic for the Nba2 locus (B6.Nba2) in the presence of the Yaa mutation (TLR9 −/− B6.Nba2.Yaa mice) is accompanied by increased TLR7-dependent activation of B cells and pDCs, suggesting that TLR9 controls TLR7 function both in B cells and pDCs. However, here we showed that in the C57BL/6 background TLR9-deficiency leads to increased TLR7-dependent activation of B cells, but not of DCs. These discrepancies might be because of the comparison of different autoimmune accelerating loci or might be the outcome of differences in ex vivo culturing conditions. We found that both TLR8 −/− and TLR8/9 −/− DCs and pDCs show similar but increased response to TLR7 ligand compared with TLR9 −/− or WT cells. On the other hand, TLR9
−/− and TLR8/9 −/− B cells show similar but increased activation and response upon TLR7 stimulation compared with TLR8 −/− or WT cells (Fig. 6) . Hence, the increased lupus phenotype in TLR8/9 −/− mice is the outcome of the additive effect of TLR8 and TLR9 on controlling TLR7 on DCs and B cells, respectively.
Our data suggest that in vivo both TLR8 and TLR9 control TLR7 function, but what is the mechanism by which the absence of TLR8 or TLR9 affect TLR7-mediated lupus-like disease? Unc93B1 associates with and delivers nucleic-acid-sensing TLRs, including TLR7, TLR8, and TLR9, from the endoplasmic reticulum to endolysosomes for ligand recognition; however, the mode of regulation of TLR localization differs for each TLR (30, 38) . Elegant studies by the Miyake group have shown that there is a competition of TLR7 and TLR9 for Unc93B1-dependent trafficking, where TLR9 predominates and has higher affinity than TLR7 for Unc93B1 (39) . Interestingly, a D34A mutation of Unc93B1 does not affect TLR7 or TLR9 expression, but leads to increased TLR7 trafficking, and mice that carry this D34A mutation develop TLR7-dependent systemic lethal inflammation because of increased response to TLR7 ligand (32) . Thus, Unc93B1 controls homeostatic TLR7 activation by balancing TLR9 to TLR7 trafficking. We can hypothesize that TLR8 or TLR9-deficiency decreases the competition of endosomal TLRs for association with Unc93B1 and allows higher availability for TLR7, which results to increased TLR7 trafficking and response that ultimately leads to autoimmunity. In addition, we have shown previously that in the C57BL/6 background TLR8-deficiency leads to TLR7 overexpression in DCs, B cells, macrophages, and MZ B cells (23) . However, from all of these cell types only TLR8 −/− DCs show increased response to TLR7 stimulation, whereas macrophages, B cells or MZ B cells have a normal response (23) . Thus, depending on the cell-type deletion of TLR8 or TLR9 may alter not only TLR7 trafficking, but also TLR7 expression, which dictate TLR7's ultimate function. Keeping in mind the complexity in expression pattern of the TLRs in a particular cell type and cell compartments, the variation in distribution and response to a given stimuli in different cell types, it is not surprising that TLR8 and TLR9 may control TLR7 function by mechanisms that can vary depending on the cell type.
Cumulative data suggest that from the nucleic-acid-sensing TLRs, TLR7 seems to be the most pathogenic regarding lupus (40) ; possible explanations could be the increased availability of exogenous or endogenous RNA-containing particles that can be sensed by TLR7 or stronger downstream signaling by TLR7 compared with TLR8 or TLR9. Most of the evidence that endosomal TLRs are implicated in SLE and that tight control and regulation of TLR7 is pivotal for avoiding SLE and inflammatory pathology is coming from studies in various lupusprone mouse models. However, in our current studies we have used mice on the C57BL/6 background, which is not prone to lupus; we were still able to demonstrate that TLR7 dysregulation because of TLR8-and TLR9-deficiency can lead to autoreactivity and inflammatory pathology. In humans, recent data also incriminate TLR7 as an essential player in SLE pathology. Indeed, two independent studies reported that the SNP rs3853839 (C-G) at the 3′ untranslated region of TLR7 is associated with elevated transcript expression and increased risk for SLE in Eastern Asians (25, 26) . Interestingly, further studies revealed that the risk G allele is also linked with increased TLR7 protein levels, and is located within a predicted binding site of microRNA-3148 that is most likely responsible for the observed association with SLE in three populations of non-Asian ancestry (24) . Furthermore, increased TLR7 copy number is a risk factor for childhood-onset of SLE in the Mexican population, and correlates significantly with increased TLR7 and IFN-α mRNA levels (41). However, no correlation with SLE has been found regarding the TLR7 SNP rs179008 in Spanish population or variations in the copy number of the TLR7 (42, 43) .
In conclusion, TLR8 and TLR9, on the top of their importance in direct signaling upon ligand recognition, also have an essential role in keeping under control TLR7 function to prevent spontaneous triggering of harmful autoreactive and inflammatory responses. Thus, the mechanisms by which TLR8 and TLR9 control TLR7 seem to depend on the given TLR and cell type, and these important TLR interactions have to be taken into account when novel therapeutic approaches are developed that target the blocking of one versus the other endosomal TLR to avoid unwanted consequences.
Materials and Methods
Detailed materials and methods are provided in SI Materials and Methods.
Mice and Serological Analysis. Double TLR8/9 −/− mice were generated by intercrossing TLR8 −/− with TLR9 −/− mice (11, 23) . All mice used in the studies were in the C57BL/6 background. Evaluation of IgM and IgG2a, and IgG autoantibodies on serum samples were performed as described previously (23) .
Preparation of Cells and Quantification of Cytokines. Bone marrow cells from mice were cultured with GM-CSF or M-CSF for the production of BM-DCs or BM-macrophages, respectively, as previously described (23) . IL-6 and TNF in culture supernatants were measured by ELISA kits.
RNA Isolation and Quantitative PCR. Total RNA was isolated with TRIzol reagent or RNA easy kit, reverse-transcribed with Supercsript II reverse transcriptase and quantitiative PCR for TLR7, IFN-β, and β-actin was performed as described previously (23) .
Flow Cytometric Analysis. Cell suspensions were incubated with 24G2 hybridoma supernatant and then stained using immunofluorescence BM-DC antibodies. For intracellular cytokine staining, cells were fixed with Cytofix/ Cytoperm and stained using antibodies for TNF and IL12p40/p70. Flow cytometry was conducted using an LSR2 and data were analyzed with FlowJo.
Histology, Immunofluorescence, and ANA Staining. Kidneys were fixed in formalin, embedded in paraffin, and tissue sections were stained with H&E or periodic acid-Schiff. Renal biopsies were analyzed in a blinded fashion by a pathologist. Immunofluorescence IgG and IgM staining on kidney sections was performed as described previously (23) . ANA in mouse sera were tested with Hep2 cells fixed on slides.
